The known association between smoking cessation and weight gain, and the suggested role of leptin in the control of body weight, led to the present study which examined the association between smoking and serum leptin concentrations. Mean serum leptin levels, independent of body mass index (BMI), were calculated in male smokers and non-smokers from Nauru, Western Samoa and Mauritius. Smokers were generally leaner than non-smokers, and of similar ages. Levels of physical activity and glucose tolerance status were similar for smokers and non-smokers in Nauru and Western Samoa, while in Mauritius smokers were more active and less likely to be diabetic. Leptin concentrations in smokers were signi®cantly lower than in non-smokers, even after adjusting for BMI, waist/hip ratio (WHR) or waist girth (P 0.04). This association was independent of diabetes status. Smoking, via nicotinic mechanisms, may modify the sensitivity of hypothalamic leptin receptors and consequently modulate leptin synthesis and reduce body weight.
Introduction
An important deterrent to quitting smoking is the well recognised subsequent weight gain. 1 Williamson et al 2 estimated that the mean weight gain attributable to cessation of cigarette smoking was 2.8 kg in men and 3.8 kg in women examined in NHANES I (1971±76) and the Follow-Up Study (1982±84) . In addition a negative relationship between cigarette smoking and body weight has been demonstrated in a large epidemiological study (NHANES II) 3 . Evidence for nicotine being the link between smoking and body weight comes from observations that the use of nicotine chewing gum 4 or transdermal nicotine patches 5 during smoking cessation delayed weight gain until nicotine replacement therapy was stopped. Although the mechanism is unclear it appears that increased energy intake may be an important cause of the weight gain associated with cessation of smoking. 1, 6 There is evidence that smoking increases metabolic rate and that metabolic rate may fall after giving up smoking. 6 , Also, nicotine has been shown to increase the energy expenditure associated with light activity. 7 Leptin appears to play a role in regulation of energy balance and thus weight control in animal models. 8 The role of leptin in the pathogenesis of human obesity is still being investigated. However, it has been hypothesised that resistance to leptin by a hypothalamic leptin receptor, as observed in the db/ db mouse 9 could be important, or that a system for transporting leptin across the blood/brain barrier is saturated at the high leptin concentrations found in obesity 10 thus interfering with leptin's effects on energy balance.
We postulated that leptin may play a part in the reduced body weight seen in smokers, an effect possibly mediated via nicotine. We measured the serum leptin and insulin levels in male smokers and non-smokers from three different populations. These data were used to examine the possible association between smoking and leptin, independent of body mass index or fat distribution.
Subjects and methods
Leptin analyses were performed on selected stored serum samples from participants in population-based studies carried out in Nauru (1987), Mauritius (1987) and Western Samoa (1991) . Samples in the serum bank were collected at the time of the surveys for analysis relating to subsequently identi®ed cardiovascular disease and diabetes risk factors, such as leptin. Approval of the Alfred Hospital Ethics Committee was obtained for these surveys and consent of subjects was inferred from voluntary participation in surveys.
Similar procedures were followed in each study as described in detail elsewhere. 11±13 Glucose and insulin were measured in the fasting state and 2 h after an oral glucose load, diabetes was diagnosed according to WHO criteria.
14 Weight, height, waist and hip girths were measured and body mass index and waist/hip ratio calculated. Information on smoking and physical activity was collected in a questionnnaire administered by trained local workers in the appropriate language.
Plasma glucose was measured on-site using a YSI Glucose Analyzer (Yellow Springs Instrument Co., Ohio, USA). Insulin was measured using a modi®ca-tion of the method of Soeldner and Slone 15 for both Western Samoa and Mauritius. Nauruan insulin levels were measured by RIA (Amersham, UK). Leptin levels were measured by solid phase double antibody enzyme immunoassay in Western Samoa, and by RIA (Linco, St Louis, MO, USA) in Nauru and Mauritius. Both assays use human standards. Although there is a good concordance between methods (r 0.65, P40.001) results may not be directly comparable between assays; leptin levels are only compared within populations.
Very few women in Western Samoa or Mauritius smoke and therefore all analyses have been restricted to men. Smoking history was recorded as (1) never smoked (less than 100 cigarettes lifetime total), (2) ex-smoker (for at least 6 months), (3)`10 per day, (4) 10±20 per day, (5) b 20 per day in Nauru and Western Samoa. In Mauritius an extra division to give (5) 21±40 per day, (6) b 40 per day was used. For the purposes of these analyses categories 1 and 2 were collapsed to give`non-smokers', while all other categories were grouped as`smokers'. Physical activity was assessed using four point scales for occupational and leisure activity. 12 These two scores have been summed and the resulting score, from 2±8, categorised as`low' 4 or`high' b 4. Leptin and insulin levels were log10 transformed and geometric means are presented. Differences in means between smokers and non-smokers within each population were tested using a t-test. Proportions were tested by the X 2 test. Adjustment for obesity was performed using analysis of covariance and signi®cance tested using an F-test. Multiple linear regression analysis was used to determine effects of smoking on leptin levels independent of diabetes status, fasting insulin, BMI, WHR and age.
Results
Nauruan men who smoked were less obese than nonsmokers, although it was only for waist circumference that the diffference was signi®cant. In Western Samoa, smokers also tended to be leaner but differences were not signi®cant by any measure. In Mauritius, smokers had lower BMI, WHR and waist circumference than non-smokers, albeit at a much lower level of overall obesity than in either Nauruans or Western Samoans. Age did not vary between smokers and non-smokers in any population. In Nauru and Western Samoa both groups showed a similar prevalence of diabetes and high levels of physical activity, while in Mauritius smokers were more active and less likely to be diabetic (Table 1) .
Ex-smokers were relatively few in number, making up 13%, 8% and 18% of non-smokers in Nauru, Mauritius and Western Samoa repectively. As indicated in Figure 1 , unadjusted leptin levels in exsmokers were similar to those in never smokers, and higher than levels in smokers. Figure 1 also illustrates a dose-response relationship between leptin and level of smoking. Western Samoan data have not been shown due to the small numbers in each category of smokers but trends were generally similar.
As shown in Table 2 , smokers in each population had lower geometric mean leptin levels. Adjusting for BMI attenuated these differences but they remained statistically signi®cant (P 0.04). Adjusting for WHR or waist circumference instead of BMI did not alter the results. The negative effect of smoking status on leptin levels was found to be independent of diabetes status, BMI, WHR and age in linear regression models computed for each population. The addition of fasting insulin to the model forced out the smoking variable in Mauritian men, but in Nauruan and Western Samoan men the effect of smoking was independent of fasting insulin.
Fasting insulin levels were also compared between smokers and non-smokers. Prior to adjustment for BMI or waist girth, smokers in Western Samoa and Mauritius had signi®cantly lower fasting insulin levels than non-smokers. After adjustment this trend remained but was no longer signi®cant in Western Samoa. In Nauruan men fasting insulin levels were similar in smokers and non-smokers. Low serum leptin levels in smokers AM Hodge et al
Discussion
As expected, men who smoked in each of three populations examined, were slimmer than those who did not smoke. We have previously demonstrated in Mauritian men, that cessation of smoking was associated with ®ve year weight gain, con®rming observations in other populations. 16 A novel observation presented here is that smokers had lower levels of serum leptin, independent of the observed differences in BMI or waist circumference, and that this relationship appeared dose-dependent. This is consistent with the concept that, rather than smokers having lower leptin levels just because they are leaner, cigarette smoking may independently reduce serum leptin concentrations. If smoking increased the sensitivity to leptin in a feedback system controlling fat deposition, lower leptin levels may follow. There is evidence that nicotine is the component of cigarette smoke which in¯uences body weight. Nicotine replacement therapy in the form of nicotine gum or transdermal patches has been found to delay weight gain associated with smoking cessation. 4, 5 Also intranasal nicotine in young male smokers was shown to cause a 5% rise in energy expenditure during light exercise. 7 Nicotine through some of its various effects in the CNS, 17 could modify leptin sensitivity, indirectly resulting in reduced leptin levels and maintenance of a lower body weight.
In each population the association between leptin and smoking was independent of diabetes status. In the present three populations fasting insulin concentrations tended to be lower in smokers, in contrast to the observations of Smith 18 and Facchini et al 19 that smoking caused insulin resistance. However, as pointed out by Yki-Ja Èrvinen, other factors not controlled for in these studies could modify insulin sensitivity. 20 The importance of reduced insulin levels in lowering leptin concentration in smokers is not clear from our observations but previous work has indicated that insulin has an important effect on leptin production in adipocyctes. 21 However, among men from Nauru and Western Samoa the effect of smoking was independent of fasting insulin, although this was not the case in Mauritius.
Appetite, food intake, physical activity, metabolic rate and other hypothalamic vegetative functions, may all be modulated by nicotinic mechanisms in the brain. 22±24 Although the identi®cation of hypothalamic leptin receptors 9 and nicotinic cholinoceptors suggest a possible site of action of nicotine or its agonists, no speci®c nicotinic link with hypothalamic leptin receptor sensitivity has been demonstrated as yet. Nevertheless, the present ®ndings point to several exciting directions for future study to increase understanding of weight gain associated with smoking cessation, as well as potential targets for the therapy of obesity.
